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HIGHLIGHTS 


•  Li-metal/V205  polymer  batteries  using  crosslinked  polymer  electrolyte  were  prepared  and  tested. 

•  The  partial  formation  of  the  w-phase  is  beneficial  for  battery  performance. 

•  The  specific  energy  vs.  Li  metal  per  weight  of  V205  is  as  high  as  796  Wh  kg-1. 

•  After  200  cycles  at  40  °C  and  C/10,  the  specific  energy  is  still  above  660  Wh  kg  l 
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Li  metal  polymer  batteries  incorporating  crosslinked  ternary  PEO/PYR^TFSI/LiTFSI  solid  polymer  elec¬ 
trolyte  (SPE)  have  been  prepared,  using  V2Os  as  active  cathode  material.  As  a  result  of  the  optimization  of 
the  SPE  as  well  as  the  cell  assembly  and  cycling  conditions,  V2Os  lithium  metal  polymer  batteries  allow 
reaching  796  Wh  kg-1  (of  V2Os)  at  C/10  at  40  °C  and  maintaining  663  Wh  kg-1  after  200  cycles  at  40  °C. 
This  is  higher  than  the  theoretical  specific  energy  of  LiCo02  vs.  Li  of  609  Wh  kg-1.  Cycling  at  80  °C  allows 
reaching  270  mAh  g-1  at  C/2  and  210  mAh  g-1  at  1  C,  while  at  20  °C  it  is  still  possible  to  reach  a  discharge 
capacity  of  almost  100  mAh  g-1  at  low  rates.  Post-cycling  SEM  and  EDX  imaging  showed  that,  after  200 
cycles  at  40  °C,  if  the  plating  of  Li  is  not  fully  homogeneous,  no  sign  of  dendrite  growth  nor  obvious 
vanadium  dissolution  and  redeposition  on  the  anode  side  occurred. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

These  recent  years  have  seen  the  fast  development  of  electric 
(and  hybrid)  cars,  driven  by  the  ecological  awareness  as  well  as  fear 
of  increasing  oil-prices  in  the  long  term.  The  driving  ranges  of  fully 
electric  cars  from  80  to  480  km  are  already  far  above  the  average 
commuting  distance  in  most  countries.  However,  they  are  seen  as  a 
main  limitation  to  their  commercial  breakthrough,  which  leads  to 
the  need  for  higher  energy  density  EV  batteries.  In  addition,  recent 
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incidents  showed  that  the  mere  upscaling  of  the  current  Li-ion 
battery  technology  bears  severe  safety  risks. 

So  far,  the  market  is  dominated  by  Li-ion  batteries,  whose 
technology  is  directly  derived  from  those  used  in  portable  elec¬ 
tronics.  That  is  an  insertion  carbonaceous  anode  with  a  capacity 
below  372  mAh  g_1,  and  an  electrolyte  made  of  ethylene  carbonate 
(EC)  1,2]  mixed  with  linear  alkyl  carbonates,  such  as  dimethyl 
carbonate  (DMC),  diethyl  carbonate  (DEC)  and  ethyl  methyl  car¬ 
bonate  (EMC),  for  lowering  the  viscosity  and  melting  points  of 
solvent  mixtures.  These  solvents  present  serious  safety  risks  due  to 
their  high  volatility  and  low  flash  points  (Tf(dmc)  =  17  °C; 
7>(dec)  =  25  °C;  7>(E mc)  =  23  °C).  Moreover,  the  electrolytes  include 
LiPF6,  as  it  inhibits  A1  corrosion  [3—10].  Unfortunately,  PF6  is 
extremely  sensitive  to  hydrolysis  [3,11  and  leads  to  HF  formation  in 
presence  of  water  traces  above  60  °C,  in  addition  to  its  intrinsic  low 
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thermal  and  chemical  stability  12,13].  Thus,  the  operation  of  Li-ion 
batteries  is  limited  to  temperatures  below  55  °C,  even  lower  for 
reasonable  aging.  Indeed,  the  ageing  of  Li-ion  batteries  is  strongly 
related  to  the  parasitic  reactions  at  the  anode/electrolyte  interface 
[14],  which  are  accelerated  at  elevated  temperature  [15  .  Moreover, 
at  elevated  temperatures,  the  direct  reaction  with  the  electrolyte 
generates  heat  [16-19]  which  can  contribute  to  the  thermal 
runaway,  leading  to  oxygen  generation  at  the  cathode  and  elec¬ 
trolyte  combustion  20].  Thus,  high  capacity  EV  Li-ion  batteries 
based  on  conventional  electrolytes  need  cooling  during  operation, 
which  in  turn  consumes  part  of  the  stored  energy  and  limits  the 
driving  range. 

On  the  other  hand,  Li-metal  polymer  batteries  are  used  in 
commercial  electric  cars  since  2011  with  performances  in  line  with 
Li-ion  batteries  powered  cars  that  is  250  km  driving  range  for 
Bollore's  BlueCar.  These  secondary  batteries  include  a  Li  metal 
anode  offering  a  capacity  of  3860  mAh  g-1.  Even  though,  this 
electrode  never  met  commercial  success  with  liquid  electrolytes, 
despite  early  reports  [21].  The  use  of  PEO-based  solid  polymer 
electrolytes  (SPEs)  enables  the  use  of  elemental  lithium  despite  its 
high  reactivity,  similarly  to  graphite,  through  the  formation  of  a 
favorable  Solid  Electrolyte  Interphase  (SEI)  [22,23]  at  its  interface 
with  the  electrolyte.  One  major  advantage  of  SPEs,  in  addition  to 
their  favorable  interfacial  properties  with  Li  metal,  is  their  high 
thermal  stability  and  low  volatility.  However,  the  main  drawback  of 
Li-metal  polymer  batteries  remains  their  low  temperature  perfor¬ 
mance.  Indeed,  PEO-based  electrolytes  are  reasonably  conductive 
(5  x  10~4-10-3  S  cm-1)  only  above  70°-80  °C,  even  if  their  low 
temperature  performance  can  be  improved  by  decreasing  their 
crystallinity,  for  instance  by  cross-linking  24-26]  or  use  of  PPO/ 
PEO  copolymers  [27,28  .  Even  though  plasticizers  have  been  pro¬ 
posed  for  improving  SPE  low  temperature  performance  [29,30],  the 
use  of  molecular  additives  leads  to  the  same  volatility  issues  as  for 
liquid  or  gel  electrolytes.  Thus,  the  use  of  ionic  liquids  (ILs)  as  non¬ 
volatile  and  non-flammable  co-solvents  has  been  proposed, 
enabling  Li-metal  battery  operation  at  40  °C  [31-34].  Contrary  to 
alkyl  carbonates,  which  are  not  known  to  be  favorable  for  Li  ho¬ 
mogeneous  deposition,  IL-based  electrolytes  have  been  reported  to 
allow  good  performance  of  the  Li  metal  electrode  [35,36  . 

Since  the  first  report  on  ternary  PEO/IL/Li  salt  SPEs,  progresses 
have  been  made  in  their  preparation  by  crosslinking,  which  ensures 
extended  amorphous  domains,  even  after  long  resting  periods  [37] 
and  improved  performances  [38,39  .  In  addition,  in  a  system 
heavily  plasticized,  crosslinking  allows  obtaining  dimensional  sta¬ 
bility,  combined  with  beneficial  elastomeric  properties,  contrary  to 
(liquid  electrolyte  +  separator)  ensembles  which  cannot  accom¬ 
modate  the  volume  changes  of  the  Li  anode.  Finally,  the  excellent 
stability  of  TFSP  based  ILs  allows  direct  crosslinking  of  the  ternary 
SPE  precursor  paste  in  a  solvent  free  processing. 

Recently,  excellent  performance  was  reported  using  LiFePC^  as  a 
cathode  material  [40,41  in  Li-metal  polymer  cells  incorporating 
crosslinked  ternary  PEO/N-butyl-N-methyl  pyrrolidinium  bis(tri- 
fluoromethanesulfonyl)imide  (PYRi4TFSI)/LiTFSI  electrolyte.  How¬ 
ever,  the  performance  of  high  voltage  oxides  such  as 
LiNio.8Coo.8Alo.05O2  and  LiNio.33Mno.33Coo.33O2  show  severe  decays, 
given  their  high  operating  potentials  which  are  not  compatible 
with  PEO-based  anodic  stability  in  contact  with  particulate  elec¬ 
trodes  [42,43]. 

Thus,  one  way  of  improving  the  energy  density  of  Li-metal 
batteries  is  using  lower  operation  potentials  active  materials  with 


1  TFSI-  refers  to  the  historical  and  most  used  term  for  this  anion:  Bis( tri- 
fluoromethanesulfonyl)imide.  Its  IUPAC  name  is  TFSA-  for  bis(tri- 
fluoromethanesulfonyl)amide. 


high  capacities,  which  increases  the  overall  stability  and  lifetime  of 
the  system.  One  of  the  well  known  candidates  for  this  are  the  va¬ 
nadium  oxides,  among  which  layered  V2O5  [44-46]  is  now  expe¬ 
riencing  a  renascence  giving  the  possibility  of  inserting  up  to  three 
Li+  per  formula  unit  [46,47  . 

This  material  had  previously  been  reported  in  Li-metal  polymer 
batteries  incorporating  non-crosslinked  ternary  SPE  [33,48-50]. 
The  performances  of  such  batteries  are  reported  in  Table  1  together 
with  the  results  of  cross-linked  SPE  in  Li/LiFeP04  batteries.  With 
V2O5,  capacities  up  to  210  mAh  g-1  were  formerly  reached, 
resulting  despite  its  lower  operating  voltage,  in  energy  densities  up 
to  588  Wh  kg-1.  However,  a  40%  capacity  decay  occurred  within  80 
cycles.  On  the  other  hand,  LiFeP04,  despite  its  higher  operating 
voltage,  led  to  lower  specific  energy,  but  was  able  to  maintain  its 
performance  for  more  than  200  cycles. 

Here  we  report  on  the  optimization  of  Li/ternary  polymer 
electrolyte^Os  battery  by  the  use  of  cross-linked  ternary  SPE  as 
well  the  tuning  of  the  cycling  conditions  and  the  cell  preparation, 
with  the  target  of  reaching  both  high  energy  densities  and 
extended  cycle  life.  The  effect  of  temperature  was  assessed  in  the 
20  °C  -  80  °C  range  and  the  morphology  of  the  Li  electrode  after  200 
cycles  was  investigated. 

2.  Experimental  section 

2.2.  Synthesis  of  N-butyl-N-methylpyrrolidinium 
bis(trifluoromethanesulfonyl)imide  and  bis(fluorosulfonyl)imide 
(PYRmTFSI) 

PYR14TFSI  and  PYR14FSI  were  synthesized  according  to  an 
already  reported  procedure  [51-53]  using  N-methylpyrrolidine 
(97  wt%,  Aldrich),  1-bromobutane  (99  wt%,  Aldrich),  ethylacetate 
(ACS  grade  >  99.5  wt%,  Aldrich)  and  LiTFSI  (3  M)  or  KFSI  (Suzhou 
Fluolyte)  as  received.  The  purity  of  the  ILs  was  checked  by  NMR 
and  13C  NMR  for  organic  impurities  and  by  ICP-OES  for  halide 
contaminants.  The  water  content,  after  drying  at  100  °C  and 
10~7  mbar  for  24  h  was  below  3  ppm  as  determined  by  Karl-Fischer 
coulometric  titration  (Mettler  Toledo). 

2.2.  Preparation  of  the  cross-linked  SPE  and  the  composite  cathode 
tape 

The  ternary  SPEs  were  prepared  according  to  reference  [38].  The 
SPE  was  prepared  by  mixing  poly(ethylenoxide)  (PEO)  (Dow 
Chemical,  Mw  =  4.000.000),  PYRMTFSI,  and  LiTFSI  (3  M,  dried  at 


Table  1 

Specific  capacity  and  discharge  energy  reported  for  Li-metal  polymer  batteries 
including  V205  or  LiFeP04. 


Discharge  capacity  /mAh  g  1 

Specific  discharge  energy  •  /Wh  kg  1 

V205  [33]  (2.0— 3.6  V) 

20  °C  24  (C/20) 

62 

44  (C/20)a 

114 

30  °C  61  (C/20) 

159 

95  (C/20)a 

247 

40  °C  210  (C/20)  (2nd  cycle) 

588 

150  (C/20)  (50th  cycle) 

390 

125  (C/20)  (80th  cycle) 

300 

LiFeP04  [40]  (2.0-4.0  V) 

20  °C  114  (C/20) 

390 

40  °C  170  (C/20) 

580 

168  (C/10) 

575 

161  (C/5) 

550 

a  Charge  at  C/50. 

b  Refers  to  active  material  weight. 
c  V  estimated  from  graph,  rounded  up. 
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120  °C  for  24  h  under  vacuum)  in  a  (20:2:4)  (EO/LiTFSI/PYRi4TFSI) 
molar  ratio  with  benzophenone  (5  wt%,  Aldrich).  After  mixing, 
annealing  and  hot-pressing  the  SPE  was  crosslinked  via  UV  radia¬ 
tion  in  a  UV  chamber  (UVA  Cube  100,  Honle)  for  10  min. 

The  composite  cathode  was  prepared  as  previously  reported 
[33,38,40].  In  a  dry-room  (H20  <  20  ppm),  V205  (Pechiney)  and 
Ketjen  black  (KJB,  Akzo  Nobel)  were  dried  at  110  °C  under  vacuum 
for  24  h  and  then  dry  mixed  in  a  mortar.  PEO  and  LiTFSI  were  dried 
under  vacuum  for  24  h  at  50  °C  and  120  °C  respectively.  The  powder 
mixture  was  then  blended  with  a  paste-like  mixture  of  PEO,  LiTFSI 
and  PYR14TFSI  to  reach  the  final  weight  ratio  of  43.0/7.0/17.5/5.0/ 
27.5  (V205/KJB/PE0/LiTFSI/PYRi4TFSI).  The  gum-like  mixture  was 
then  annealed  at  100  °C  over  night  under  vacuum  and  hot-pressed 
into  films  of  a  thickness  of  ca.  150  pm.  The  films  were  then  calen¬ 
dered  at  room  temperature  to  a  thickness  of  20-40  pm. 

2.3.  Li-metal  batteries  assembly 

Li/polymer  electrolyte/V2Os  cells  were  assembled  in  two  elec¬ 
trodes  vacuum  sealed  coffee-bag  cells  in  a  dry-room 
(H20  <  20  ppm)  by  stacking  the  50  pm  Li  foil  (Rockwood 
Lithium),  SPE,  and  cathode  tape  (0  =  12  mm).  The  active  mass 
loading  of  V205  was  2.7  ±  0.2  mg  cm-2.  As  current  collectors,  nickel 
and  carbon-coated  aluminum  foils  were  used  for,  respectively,  the 
anode  and  cathode.  The  cells  were  finally  laminated  at  100  °C 
before  the  electrochemical  tests. 

2.4.  Electrochemical  tests 

The  contact  resistance  between  the  composite  cathode  tape  and 
two  types  of  current  collectors  was  measured  using  symmetrical  Al/ 
SPE/A1  coffee  bag  cells,  using  either  pristine  Al  or  carbon  coated  Al, 
with  a  Solartron  1260  connected  to  a  Solartron  1287  in  the 
[100  kHz-1  Hz]  range. 

The  cycling  performance  of  Li/polymer  electrolyte/V205  cells 
was  evaluated  with  a  battery  cycler  (S4000,  Maccor  Inc.).  To  control 
the  cell  temperature,  climatic  chambers  (Binder,  MK53)  were  used. 

2.5.  Thermal  characterization 


Fig.  1.  SEM  images  of  the  pristine  V205  material. 


Differential  scanning  calorimetry  (DSC)  traces  of  composite 
cathode  material  have  been  recorded  in  order  to  investigate  the 
cathode  crystallinity  as  well  as  its  thermal  stability.  The  measure¬ 
ments  were  done  using  a  TA  Instrument  Q2000.  The  samples  were 
placed  in  aluminum  pans  hermetically  sealed  in  a  dry-room 
(H20  <  20  ppm).  The  scans  were  performed  at  5  °C  min  1  for 
both  cooling  and  heating,  in  He  atmosphere.  Reported  Tg  were 
measured  at  the  inflexion  point. 


for  buffering  the  volume  changes  and  maintaining  good  interfacial 
contact  during  cycling.  An  SEM  image  of  the  cathode  tape  cross 
section,  obtained  after  breaking  the  cathode  tape  quickly  after 
cooling  it  in  liquid  N2>  is  shown  in  Fig.  2b.  It  is  obvious  that  the 
agglomerates  are  dispersed  upon  cathode  preparation  and  that  the 
primary  particles  are  homogeneously  dispersed,  ensuring  a  good 
V205/electrolyte  contact. 


2.6.  Morphological  characterization 

For  SEM  imaging  and  EDX  mapping  a  Zeiss  Auriga  microscope 
was  employed.  The  samples  were  prepared  in  the  dry-room 
(H20  <  20  ppm)  and  transferred  to  the  SEM  in  under  vacuum. 

3.  Results  and  discussion 

3.1.  Cathode  characterization 

3.1.1.  Morphological  characterization 

The  pristine  V2Os  material  is  composed  of  particles  of 
200-500  nm  in  size,  which  form  agglomerates  with  a  size  of  ca. 
40  pm,  as  it  can  be  seen  in  Fig.  1. 

The  cathode  tape  was  obtained  under  the  form  of  a  self-standing 
film  as  shown  in  Fig.  2a,  exhibiting  elastomeric  properties,  needed 


3.1.2.  Thermal  characterization 

Three  consecutive  DSC  heating  ramps  of  the  cathode  tape  are 
shown  in  Fig.  3.  A  Tg  can  be  seen  in  all  DSC  traces,  showing  that  the 
electrolyte  is  mostly  amorphous.  Although  all  scans  showed  melting 
peaks  between  0  and  50  °C,  the  fusion  enthalpies  were  comprised 
between  4.2  J  g-1  and  5.5  J  g-1  (related  to  weight  of  cathode).  The 
comparison  with  the  100%  crystalline  PEO  fusion  enthalpy  of 
196.6  J  g_1  [54]  shows  that  ca.  5.0-6.5%  of  the  PEO  is  crystalline  in 
the  composite  cathode  in  the  absence  of  crosslinking.  Additionally, 
the  first  scan  reveals  a  two-step  melting,  probably  corresponding  to 
the  melting  of  the  (2/1)  PYRi4TFSI/LiTFSI  [53]  crystalline  phase  be¬ 
tween  0  °C  and  25  °C,  followed  by  the  melting  of  crystalline  PEO. 
Interestingly,  no  degradation  was  observed  up  to  100  °C.  In  the 
following  scans,  a  cold  crystallization  starts  at  c.a.  -25  °C,  directly 
followed  by  a  wide  melting  peak.  During  the  second  scan,  the  Tg 
increases  from  -75  °C  to  -66  °C,  probably  as  a  result  of  an  increased 
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Fig.  2.  (a):  SEM  image  of  the  cathode  tape,  (b):  SEM  image  of  a  cross  section  of  the 
composite  cathode  tape. 


Li  content  in  the  amorphous  ternary  phase.  In  addition,  a  limited 
exothermic  process  starts  around  140  °C  (i.e.  similarly  to  PEO  sta¬ 
bility  in  O2  [37]),  possibly  linked  to  reactions  between  PEO  and  V2O5 
[43]  or  carbon  additive  surface  groups.  Despite  this  reactivity,  the 
3rd  scan  is  similar  to  the  second,  with,  however,  no  obvious 
exothermic  reactions  below  180-190  °C.  Thus,  even  if  minor  surface 
reactions  take  place  at  the  particle/electrolyte  interface  during  the 
second  scan,  the  system  does  not  seem  significantly  modified  (nor 
generates  gas)  up  to  ca.  200  °C. 

3.2.  Effect  of  the  carbon  coating  on  the  current  collector/cathode 
interfacial  impedance 

In  the  case  of  polymer  self-standing  cathodes,  the  presence  of 
the  SPE  within  the  cathode  can  insulate  the  electronically 


Fig.  3.  DSC  traces  at  5  °C  min  1  of  V205  composite  cathode  in  N2. 


conductive  network  formed  within  the  electrode  by  the  conductive 
additive  (KJB)  from  the  current  collector.  This  might  parent  the 
establishment  of  a  good  contact  at  the  interface  with  the  current 
collector.  Fig.  4  shows  the  impedance  data  of  symmetrical  AI/V2O5 
cathode/Al  cells  immediately  after  assembly  and  after  30  days  rest, 
for  both  pristine  and  carbon  coated  Al  current  collectors. 

It  is  obvious  that  the  resistance  of  the  cell  with  the  coated  cur¬ 
rent  collectors  is  much  lower  (four  orders  of  magniture)  than  that 
including  the  pristine  Al  foil,  due  to  the  interpenetration  of  the  thin 
particulate  carbon  coating  and  the  composite  cathode.  It  should  be 
pointed  out  that  other  surface  treatments  could  also  modify  the  Al 
surface,  both  in  terms  of  A1203  layer  thickness  and  rugosity, 
although  we  chose  a  pristine  Al  foil  as  reference  here.  In  the 
following,  all  current  collectors  used  are  C-coated. 

3.3.  H/V2O5  polymer  cells  electrochemical  behavior 

3.3.1.  Effect  of  temperature 

L1/V2O5  cells  have  been  galvanostatically  cycled  at  temperatures 
ranging  from  20  °C  to  80  °C  in  the  2.0-4.0  V  range  with  a  20  h 
30  min  time  limit  for  each  step,  for  limiting  the  Li  insertion  to 
slightly  more  than  two  Li+  at  low  rate.  The  voltage  profiles  during 
the  first  discharge/charge  cycle  are  shown  in  Fig.  5.  At  C/20,  for 
temperatures  above  20  °C,  the  plateaus  corresponding  to  the 
successive  phase  changes  from  a  to  w  [46]  are  well  defined,  as 
shown  in  the  graph.  It  is  worth  noticing  that,  for  all  temperatures 
above  20  °C,  a  small  fraction  of  w  phase  (Li^Os,  x  >  2)  is  clearly 
formed  at  C/20,  this  last  phase  change  being  known  to  be  irre¬ 
versible  [46  . 

As  a  result  of  the  time  limit,  recharge  efficiencies  of  100%  are 
obtained  for  all  temperatures  above  20  °C.  It  can  be  seen  that  the 
end  of  charge  voltages  decrease  with  temperature  as  a  result  of  the 
extraction  of  the  last  Li+  in  the  lattice  being  more  sensitive  to 
temperature.  At  20  °C  a  capacity  of  96  mAh  g_1  is  reached  during 
the  first  discharge.  However,  the  conductivity  of  the  electrolyte  is 
too  low  at  this  temperature  for  observing  well  defined  plateaus. 


Fig.  4.  Nyquist  plot  of  an  A1/V205  cathode/Al  cell,  after  cell  assembly  and  after  30d,  at 
20  °C.  (a):  uncoated  Al,  (b):  carbon  coated  Al. 
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Fig.  5.  Discharge/charge  cycles  at  C/20,  at  different  temperatures  as  indicated  on  the 
graph.  1  C  =  295  mAh  g-1  (a)  1st  cycle  (b)  2nd  cycle. 


Interestingly,  when  2.1  V  is  reached,  the  cell  voltage  increases, 
reflecting  an  increase  in  electronic  conductivity  probably  linked  to 
the  formation  of  a  small  fraction  of  w  phase,  already  at  20  °C.  In  the 
subsequent  charge  a  coulombic  efficiency  of  78.3%  is  obtained.  The 
superior  performance  of  the  cross-linked  SPE  is  well  evidenced  by 
the  comparison  of  the  discharge  capacities  in  Fig.  6  and  those  in 
Table  1  obtained  with  a  non  cross-linked  SPE  33].  However,  for 
reaching  higher  performance  at  low  temperature,  the  use  of  a  lower 
viscosity  ionic  liquid  would  be  required,  providing  that  the  result¬ 
ing  electrolyte  is  amorphous  and  allows  forming  a  proper  SEI  onto 
Li  metal. 

At  40  °C,  60  °C  and  80  °C,  the  discharge  plateaus  are  shifted  to 
higher  potentials  during  the  second  discharge  and  some  additional 
capacity  is  delivered  above  3.5  V,  especially  for  the  cells  charged 
above  3.7  V  in  the  first  cycle  (i.e.  at  40  °C  and  60  °C). 


Fig.  6.  Evolution  of  the  voltage  profile  at  80  °C  and  C/20  during  the  first  10 
cycles  (1  C  =  295  mAh  g  :). 


The  evolution  of  the  voltage  profiles  at  C/20  and  80  °C  is  illus¬ 
trated  in  Fig.  6.  It  reveals  that  upon  continuous  cycling  the  voltage 
plateaus  shorten.  An  increasing  fraction  of  the  delivered  capacity  is 
linked  to  the  presence  of  the  increasing  fraction  of  the  w  phase.  This 
progressive  conversion  is  rather  neutral  in  terms  of  discharge 
voltage  and  is  beneficial  for  the  charge,  thus  increasing  the  overall 
energy  efficiency  of  the  cell. 

The  rate  performance  up  to  5  C  was  tested  between  20  °C  and 
80  °C  and  is  summarized  in  Fig.  7a.  The  capacities  at  C/20  are 
fixed  by  the  time  limit,  as  mentioned  earlier,  which  results  in 
capacities  of  ca.  300  mAh  g^1  above  20  °C.  Starting  from  C/10,  the 
performance  of  the  cells  strongly  depends  on  the  temperature.  At 
80  °C,  capacities  higher  than  310  mAh  g_1  are  obtained  at  C/10 
and  C/5  and  at  1  C  the  capacity  delivered  is  still  higher  than 


(a) 


(b) 


(c) 


Fig.  7.  (a)  Rate  capability  of  Li/V205  cells  at  various  temperatures.  Open  symbols: 
charge.  Filled  symbols:  discharge  (b)  Voltage  profiles  for  the  10th,  20th,  30th,  40th, 
50th  and  60th  cycles  at  80  °C.  (c)  Comparison  of  voltage  profiles  at  C/2  (40th  cycles). 
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200  mAh  g'1.  At  5  C,  however,  the  electrolyte  is  not  conductive 
enough  at  any  temperature  to  allow  delivering  significant  ca¬ 
pacity.  The  voltage  profiles  at  80  °C  (Fig.  7b)  show  that,  even  if 
some  progressive  conversion  to  the  w  phase  occurs,  the  succes¬ 
sive  reversible  phase  changes  (a  <-►  y)  are  still  visible  after  50 
cycles  (at  1  C).  The  voltage  profiles  at  C/2  are  given  in  Fig.  7c  for 
all  tested  temperatures.  It  is  clear  that,  if  the  battery  can  deliver 
considerable  capacities  at  low  temperatures  and  moderate  rates, 
80  °C  remains  the  temperature  of  choice  when  higher  power  is 
needed. 

3.3.2.  Effect  of  cycling  conditions  on  battery  performance 

For  assessing  the  beneficial  effect  of  the  presence  of  a  limited 
amount  of  w  phase,  the  influence  of  formation  cycles  was  investi¬ 
gated.  Fig.  8  compares  the  performance  at  40  °C  of  a  cell  cycled  at  C/ 
20  for  two  cycles  and  then  at  C/10  to  another  cell  cycled  at  C/10 
since  the  first  cycle.  It  is  clear  that  the  formation  of  the  w  phase 
takes  place  more  significantly  at  C/20  and  that,  in  the  following 
cycles,  the  voltage  profile  becomes  slopier,  indicating  more  con¬ 
version  to  the  w  phase.  More  importantly,  the  charge  plateaus  are 
shifted  toward  lower  voltages,  while  the  discharge  plateaus  are 
shifted  to  higher  voltages,  which  results  in  a  neat  capacity  and 
energy  efficiency  improvement.  One  can  also  notice  that  a  cut-off 
voltage  higher  than  3.7  V  is  required  to  charge  the  cathode  which 
could  also  explain  the  lower  capacities  reported  in  previous  work 
(see  Table  1). 

As  a  comparison,  Fig.  9  shows  the  voltage  profiles  of  a  cell 
subjected  to  two  cycles  at  C/20  then  C/10  in  the  2.0-3.7  V  range, 
showing  that  only  ca.  200  mAh  g'1  can  be  cycled  in  these  condi¬ 
tions.  Nevertheless,  the  improvement  of  the  SPE  and  cell  prepara¬ 
tion  results  in  enhanced  cycling  stability  and  rate  performance  with 
less  than  14%  capacity  fading  in  100  cycles  (from  cycle  2)  compared 
with  >37%  in  previous  reports  [33  . 

Fig.  10  shows  the  long  term  cycling  behavior  at  C/10  of  a  cell 
subjected  to  two  formation  cycles  at  C/20  at  40  °C  and  cycled  in 
the  2.0-4.0  V  range.  One  can  notice  that  the  mean  voltages 
during  cycling  are  rather  constant  (2.72-2.77  V  for  discharge).  As 
a  result,  a  specific  discharge  energy  above  796  Wh  kg'1  is  ob¬ 
tained  at  C/10  in  the  3rd  cycle  (834  Wh  kg'1  at  C/20  in  the  1st 
cycle),  which  decreases  to  663  Wh  kg'1  after  200  cycles).  Even 
with  a  lower  operating  voltage,  the  specific  energy  is  higher  than 
for  a  Li/LiFeP04  polymer  battery,  although  the  capacity  decay 
remains  more  pronounced  with  16.5%  loss  in  200  cycles  (from 
cycle  3). 

It  is  possible  to  insert  more  Li+  in  the  material  and  achieve  the 
full  conversion  to  the  w  phase  in  the  first  cycle.  Nevertheless,  pre¬ 
serving  most  of  the  material  morphology  and  using  the  w  phase 


100th—  10th  1st 


Fig.  9.  Voltage  profile  of  a  Li/V205  cell  at  40  °C.  Cut-off  voltages:  2.0-3.7  V.  Current 
applied:  two  cycles  at  C/20,  then  C/10.  The  1st,  10th,  20th,  30th,  40th,  50th,  60th,  70th, 
80th,  90th,  100th  cycle  are  shown. 


Fig.  10.  Specific  capacity  and  coulombic  efficiencies  of  a  Li/V205  polymer  cell  at  40  °C. 
First  two  cycles  at  C/20,  then  at  C/10  (1  C  =  295  mAh  g-1).  Insert:  mean  voltage  and 
specific  energy. 

only  as  a  conductive  doping  phase  results  in  higher  energy  den¬ 
sities,  due  to  higher  average  discharge  voltage.  Fig.  11  shows  the 
effect  on  the  cell  performance  of  setting  1.5  V  as  the  lower  cut-off 
voltage.  Even  though  a  first  discharge  capacity  of  430  mAh  g'1  is 
delivered,  only  around  two  equivalents  of  lithium  can  then  be 
reversibly  cycled  into  this  phase  and  capacities  around 
300  mAh  g'1  are  reached  also  in  this  case.  However,  the  average 
voltage  decreases  to  values  below  2.55  V  and  the  specific  energy  is 
lower  (excepted  for  the  first  discharge)  with  values  around 
720-725  Wh  kg'1. 
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Fig.  8.  Comparison  between  two  cells  cycled  at  C/10  including  one  cycled  at  C/20  for 
the  two  first  cycles.  The  1st,  10th,  20th,  30th,  40th,  50th,  60th  and  70th  cycle  are 
shown  (1  C  =  295  mAh  g-1). 


Fig.  11.  Specific  capacity  and  average  discharge  voltage  of  a  Li/V205  polymer  cell  at 
40  °C.  First  two  cycles  at  C/50,  then  C/30  (1  C  =  450  mAh  g-1).  Cut-off  voltages: 
1.5-4  V. 


340 


I.  Osada  et  al  /  Journal  of  Power  Sources  271  (2014)  334—341 


Fig.  12.  (a)  and  (b):  SEM  images  of  the  cross-section  of  a  Li/V205  cell  cycled  for  200 
cycles  at  C/10,  (c):  EDX  mapping  of  the  cross-section  shown  in  (b):  red:  Al,  green:  V, 
blue:  S.  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is 
referred  to  the  web  version  of  this  article.) 


3.3.3.  Post-cycling  analysis  of  the  battery  after  200  cycles 

The  cell,  whose  electrochemical  performance  is  reported  in 
Fig.  10,  has  been  cross-sectioned  after  dipping  it  in  liquid  N2  in  a 
dry-room.  The  SEM  image  of  the  cross-section  is  shown  in  Fig.  12a. 
It  is  obvious  that  the  Li  which  has  been  cycled  forms  a  less  homo¬ 
geneous  layer  on  top  of  the  original  foil.  Nevertheless,  no  sign  of 
dendrites  is  seen  in  any  part  of  the  cross  section.  EDX  analysis  has 
been  performed  on  a  smaller  area  (c.f.  Fig.  12a-b)  and  reveals  no 
obvious  vanadium  dissolution  and  deposition  on  the  Li  anode  de¬ 
spites  few  spots  corresponding  to  vanadium,  most  likely  due  to  the 
cutting  of  the  cell. 

4.  Conclusion 

Li/V205  polymer  batteries  able  to  deliver  796  Wh  kg-1  (of  V205) 
at  40  °C  and  C/10  were  prepared,  thanks  to  the  use  of  cross-linked 
SPE,  optimized  cycling  conditions  and  cell  preparation. 
663  Wh  kg-1  were  still  delivered  after  200  cycles  at  40  °C.  The 
batteries  showed  improved  versatility  in  terms  of  temperature 
conditions,  as  they  were  able  to  deliver  270  mAh  g'1  at  C/2  at  80  °C 
and  95  mAh  g-1  at  20  °C  and  C/20.  The  irreversible  formation  of  a 
small  fraction  of  w  phase  was  shown  to  have  a  beneficial  effect  on 
the  performance  of  the  cells,  due  to  its  favorable  transport  prop¬ 
erties  for  Li+  and  e-.  However,  the  full  conversion  of  the  material 
results  in  a  decreased  specific  energy,  as  compared  to  the  case 
where  this  phase  is  used  as  an  active  dopant. 
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